The Cut1 and Cut2 proteins of the fission yeast Schizosaccharomyces pombe form a complex and are required for the separation of sister chromatids during anaphase. Polyubiquitinated Cut2 degrades at the onset of anaphase and this degradation, like that of mitotic cyclin, is dependent on the anaphase-promoting complex/cyclosome. Expression of Cut2 that cannot be degraded blocks sister chromatid separation and anaphase spindle elongation. Here, we have investigated the role of the Cut1-Cut2 interaction in sister chromatid separation.
Background
Duplicated sister chromatids are separated at a particular stage of the cell cycle, called anaphase. Control of anaphase events is dynamic and elaborate, involving the transport of chromosomes by the microtubule-mediated motor proteins [1] , checkpoint mechanisms that ensure restraint of the progression of anaphase if the mitotic spindle is damaged [2] and the release of proteins required for sister chromatid cohesion [3, 4] . Anaphasepromoting proteolysis is an essential feature of the transition from metaphase to anaphase during which mitotic cyclins and some other proteins are degraded [5] . The 20S anaphase-promoting complex/cyclosome (APC) is required for the polyubiquitination that mediates the degradation of mitotic cyclins [6] [7] [8] . The activity of this cyclosome complex is regulated during the cell cycle, possibly by phosphorylation or protein-protein interaction [9] [10] [11] [12] [13] .
In the fission yeast Schizosaccharomyces pombe, Cut2 is essential for sister chromatid separation and has been shown to be a target of anaphase proteolysis. Cut2 has two destruction-box sequences [14] [15] [16] [17] . If both of these destruction boxes are removed or substituted, Cut2 is no longer polyubiquitinated by anaphase extracts from HeLa cells and becomes nondegradable in extracts from anaphase Xenopus eggs [18] ; such proteins are stable and their overexpression produces a strong dominant-negative effect, leading to an absence of sister centromere separation [16, 18] . Anaphase is also completely blocked in cells deficient for cut2 [17] .
In contrast to the phenotypes of destruction box and null cut2 mutants, the separation of sister chromatids during anaphase in temperature-sensitive (ts) cut2-364 mutants is limited at 36°C, the restrictive temperature (archery bow phenotype [15] ). The ts phenotype is thus 'leaky' compared with that of null or dominant-negative mutants [16, 18] . In parallel with this phenotypic difference, the ts mutation is in the region encoding the carboxyl terminus of Cut2 [16] , whereas the destruction boxes are in the amino terminus. In ts cut2-364, the anaphase spindle apparatus might be only partly functional, producing a spindle force that is not sufficiently strong.
We have previously described genetic and biochemical interactions between Cut2 and another protein Cut1, which is essential for viability and is also required for sister chromatid separation [14, 15, 17] . Cut1 is a large protein consisting of 1828 amino acids, and its carboxy-terminal region is similar to Aspergillus BimB [19] , Saccharomyces cerevisiae Esp1 [20, 21] and human KI0165 proteins [22] . Cut1 and Cut2 might be functionally related because the ts and null mutant phenotypes of cut1 and cut2 are very similar [14, 15, 17] . Cell cycle progression is not arrested in cut1 mutants, but sister chromatid separation is blocked. We have previously provided definitive evidence for a functional relationship between Cut1 and Cut2 using immunoprecipitation experiments, which showed that Cut1 forms a complex with Cut2 [17] . These proteins cosediment in sucrose-gradient centrifugation.
In this study, we investigated complex formation between Cut1 and Cut2 and its significance in sister chromatid separation. We show that the Cut1-Cut2 complex is essential for anaphase. Evidence is provided that loading of Cut1 onto the spindle by Cut2, Cut2 proteolysis and association of Cut1 with the anaphase spindle are needed for the proper onset and progression of anaphase.
Results

Two ts cut2 mutations affect the carboxyl terminus of Cut2
We have previously shown that the Cut2-364 mutant protein lacks the carboxy-terminal 35 amino acids due to a nonsense mutation (Figure 1a ; [17] ). Here, we have used PCR to amplify the cut2 gene of another ts allele, cut2-447 (formerly cut18-447), which has a phenotype similar to that of cut2-364 [23] . Nucleotide sequencing showed that Cut2-447 contained an L296S substitution (in single-letter amino acid code). Thus, in ts mutants, there was either a deletion or a single amino acid substitution in the extreme carboxyl terminus of Cut2.
Proteins encoded by the ts cut2 mutations do not interact with Cut1 in the two-hybrid assay
We assumed that the Cut1-Cut2 complex performed an essential function and that cut2 mutations led to loss of the ability of Cut2 to bind to Cut1. Two-hybrid interaction analysis supported this hypothesis (Figure 1b,c) . The amino-terminal 691 amino acids of Cut1 (Cut1N691) was fused to the GAL4 DNA-binding domain (DB); this fusion could interact with wild-type Cut2 fused with the GAL4 activation domain (AD) and we examined whether it could interact with mutant Cut2 proteins in the same assay (Figure 1b,d ).
Strong interactions were present between Cut1N691 and wild-type Cut2 or Cut2∆80, which lacks the amino-terminal 80 amino acids. The two ts Cut2 proteins gave very weak β-galactosidase activity, however, indicating that even a single amino acid substitution in the carboxyl terminus could abolish the Cut1-Cut2 interaction. The failure of Cut2 ts mutants to form a complex with Cut1 was probably the direct cause of the defective mitotic phenotypes seen in ts cut2 mutants. Further analyses between various regions of Cut2 and Cut1N691 (summarized in Figure 1c ) showed that the intact carboxyl terminus of Cut2 is essential but not sufficient for interaction with Cut1N691; the central region of Cut2 (residues 128-161) is also needed. This region is highly hydrophilic.
Association of GST-Cut2 and the amino-terminal 705 residues of Cut1 in S. pombe extracts To demonstrate complex formation between truncated Cut1 and full-length Cut2 in S. pombe, we tagged fulllength Cut2 with glutathione-S-transferase (GST-Cut2) and tagged various regions of Cut1 with the hemagglutinin epitope (HA) at their carboxyl termini. They were co-overexpressed under the control of an inducible promoter (REP1 [24] ) in the absence of thiamine (Figure 1d-g ).
GST-Cut2 in extracts should be pulled out with the bound Cut1 fragments by glutathione beads if an association exists. In Figure 1d ,e, overproduced GST-Cut2 (66 kDa) and Cut1-HA fragments were detected in extracts by anti-Cut2 and anti-HA antibodies, respectively. Cut1 is known to be highly sensitive to proteolysis [17] . In Figure 1f ,g, GST-Cut2 and Cut1-HA fragments pulled out by the beads are shown. Whereas GST alone did not pull out any of the Cut1 fragments, GST-Cut2 pulled out the amino-terminal 705 residues of Cut1 (Cut1N705) and longer fragments (residues 1-1244 and 1-1531), but not the shorter fragment comprising residues 1-260 of Cut1. Thus amino-terminal Cut1 fragments longer than the 1-260 fragment could interact with Cut2.
Cut1 and Cut2 do not interact in a ts cut2 mutant
The ts cut2 strain integrated with a gene encoding Cut1-HA (designated cut2-364 cut1 + -HA) was constructed and cultured at 36°C for 0-2 hours. Cut1-HA protein was then immunoprecipitated (Figure 1h) , and the level of coprecipitated Cut2-364 mutant protein was estimated by immunoblot ( Figure 1i) . As a control, the wild-type strain integrated with the cut1 + -HA gene was also immunoprecipitated using anti-HA antibodies. The level of co-precipitated 39 kDa Cut2-364 mutant protein was low even at 26°C and became undetectable after 1 hour at 36°C, whereas the control level of 42 kDa wild-type Cut2 in the precipitate was much higher at 26°C and 36°C.
The level of Cut2 depends upon Cut1
We obtained results indicating that the cellular level of Cut2 was strongly affected by that of coexisting Cut1. When Cut1-HA was overproduced in the wild-type cells using a plasmid carrying the cut1 + -HA gene with the inducible promoter REP1 in the absence of thiamine, we found a dramatic increase (approximately 20-fold) in the level of Cut2 protein expressed by the endogenous wild-type gene (Figure 2a ). The increase in Cut2 protein occurred simultaneously with the overexpression of Cut1-HA. The level of Cdc2 (PSTAIRE; tested as a control) remained constant under this condition. The level of cut2 mRNA examined by northern blot analysis did not alter, however (Figure 2b) , suggesting that the increase in Cut2 was not due to transcriptional activation. An increase in the Cut2 level did not occur when Cut1 fragments lacking the amino-terminal region (residues 1294-1828, 502-1828 and 118-1828) were overproduced ( Figure 2c) . Conversely, an increase in Cut2 occurred when Cut1 fragments lacking carboxy-terminal regions (residues 1-1793 and 1-1210) were overproduced. These data indicate that the Cut2 protein is unstable but can be greatly stabilized by a protective interaction with the amino-terminal region of overproduced Cut1.
Mobilization of Cut1 tagged with green fluorescent protein to the spindle apparatus
In order to visualize Cut1 protein in living cells, we constructed a gene encoding Cut1 tagged with the green fluorescent protein (GFP). Wild-type cells overexpressing the Cut1-GFP protein under the control of the weak inducible promoter REP81 (which gave about 10-fold higher levels of expression than the wild-type promoter) grew normally. They were observed by a confocal microscope as described previously [25] . Fluorescent signals of Cut1-GFP were abundant in the cytoplasm, and became brightly fluorescent along the spindle in mitotic cells. Note that fluorescent Cut1-GFP was excluded from the Research Paper Dissecting the anaphase role of Cut1 Kumada et al. 635
Figure 1
Interactions between Cut1 and Cut2. (a) Location of Cut2 mutation sites. Cut2 has 301 amino acids. The cut2-364 allele contains an opal nonsense mutation affecting amino acid 267 (R267Opal), whereas cut2-447 encodes a protein with a substitution at residue 296. Two short repeats are present in the carboxyl terminus and there are two destruction box sequences (DB1 and DB2) at the amino terminus; the positions of two acidic clusters are also shown. (b) Two-hybrid interactions between a 691-residue amino-terminal fragment of Cut1N (Cut1N691) and wild-type Cut2, the mutant Cut2 proteins described in (a), or Cut2 lacking the amino-terminal 80 residues (Cut2∆80) were examined. Cut2 proteins were fused with the activation domain of GAL4 (AD), while Cut1N691 was combined with the DNA-binding domain of GAL4 (DB). The yeast strain SFY526 was co-transformed with two plasmids, each encoding one of the fusion proteins, and the resulting transformants were incubated at 30°C for one day on filter paper, and then assayed for β-galactosidase activity (30°C, 3 h).
(c) Two-hybrid interactions between Cut1N691 and various regions of Cut2, encompassed by the amino acids indicated and fused to GAL4 AD, were estimated. Each value is the relative degree of the twohybrid interaction with Cut1N691, assayed by β-galactosidase activity. . Cells cultured at 33°C and induced to overexpress the tagged proteins for 15 h were collected, and the extracts made were immunoblotted using anti-HA and anti-Cut2 antibodies as indicated. The molecular weight of GST-Cut2 was 66 kDa. Glutathione beads were used to pull out (f) GST or (g) GST-Cut2 and any proteins that were bound to them, which were analyzed using anti-HA and anti-Cut2 antibodies as indicated. (d-g) Molecular weight markers are indicated on the left and the arrowheads on the right (from top to bottom) mark the positions in the gel of the fulllength Cut1 fragments indicated above the gel (from left to right). (h,i) Wild-type (WT) and mutant cut2-364 strains, containing integrated genes encoding Cut1-HA, were grown at 26°C and then shifted to 36°C for 2 h. Extracts were made 0, 1 and 2 h after the temperature shift. Immunoprecipitation was done using anti-HA antibodies (α-HA), which precipitated Cut1-HA. Immunocomplexes were separated by SDS-PAGE and immunoblotted using (h) α-HA and (i) anti-Cut2 (α-Cut2) antibodies. The level of mutant Cut2-364 protein at the 39 kDa position was low even at 26°C and became negligible at 36°C. nucleus except for the spindle. Two examples of timelapse images, taken at intervals of 1 minute, are shown in Figure 3a ,b. The spindle and spindle pole body were fluorescent at an early mitotic stage, and this fluorescence continued until anaphase. In Figure 3a , anaphase spindle fluorescence was seen until the transition from a dumbbell-shaped nucleus to divided daughter nuclei. In Figure  3b , anaphase spindle fluorescence could also be detected, but only until an earlier stage of nuclear division. Most of the cells observed fell into one of these two categories.
Cut1-GFP is bound to the spindle pole body and the metaphase and anaphase spindle Cut1-GFP was observed in a number of living cells simultaneously stained using Hoechst 33342 to visualize chromatin DNA (Figure 3d ). Cut1-GFP was clearly located at the mitotic spindle pole bodies as well as at the spindle. We measured the length of mitotic spindles revealed using Cut1-GFP (Figure 3c) , and compared it with the length of spindles observed using Cut2-GFP (Figure 3e ). The length distribution of the Cut1-GFP-containing spindles was broad, whereas that of Cut2-GFP-containing spindles was narrow. The average length of the Cut1-GFP spindles was 3.5 ± 1.5 µm, much longer than that of the Cut2-GFP spindles (1.9 ± 0.6 µm). Cut2-GFP was bound only to the prometaphase-metaphase spindle (Figure 3f ), and never seen on an anaphase spindle longer than 3 µm. Note that Cut2-GFP also did not localize at the spindle pole bodies. On the other hand, the length distribution of anaphase spindles visualized using Cut1-GFP was only 3-8 µm, which was much shorter than the fully extended anaphase spindle, which was 14 µm long.
Fluorescence could also be observed in a strain integrated with a single copy of the gene encoding Cut1-GFP under the control of the native cut1 promoter (Figure 3g-i) . The spindle at metaphase (Figure 3h ) and anaphase ( Figure 3i ) was clearly visualized. Time-lapse images of the spindle similar to those obtained using overexpressed Cut1-GFP were obtained (data not shown). The cytoplasmic signal during interphase was very much weaker, however (Figure 3g, I ), and was difficult to obtain in time-lapse images. The length distribution of spindles visualized using the single-copy gene encoding Cut1-GFP was basically identical to that using overexpressed Cut1-GFP. Interestingly, using the single-copy gene, Cut1-GFP fluorescence was detected along cytoplasmic microtubules in interphase cells (Figure 3g, I ). Cut1, which is cytoplasmically retained during interphase, might thus be moved upon entry into mitosis to the duplicated mitotic spindle pole bodies and the prophase spindle apparatus in a complex with Cut2.
Cut1N705 associates with the metaphase spindle
To determine the region responsible for intracellular localization of Cut1, we first constructed the amino-terminal Cut1N705 fragment tagged with GFP and examined its localization.
Transformed cells overexpressing Cut1N705-GFP under the control of the REP81 promoter grew normally. Surprisingly, the fluorescence signal of Cut1N705-GFP was highly enriched in the nucleus of interphase cells (Figure 4a, I ): the cytoplasmic retention of Cut1 in interphase was abolished by deleting residues 706-1828 of Cut1. In mitotic cells, Cut1N705-GFP was also located along the short spindle (Figure 4a, M) . In contrast to full-length Cut1-GFP, a Cut1N705-GFP signal that was associated with the anaphase spindle was seen very infrequently (Figure 4b ). The average length of spindles containing Cut1N705-GFP was 2.6 ± 1.4 µm. Notably, the signal was not localized at the spindle pole bodies. The localization of Cut1N705-GFP was thus distinct from that of full-length Cut1, but highly similar to
Figure 2
The cellular level of Cut2 depends on Cut1. (a) Cut1-HA placed under the strong inducible promoter REP1 was overproduced in wild-type cells at 33°C. Overproduction took place 14 h after the removal of thiamine. Cells were immunoblotted using anti-HA, anti-Cut2, anti-cyclin B (Cdc13) and anti-Cdc2 (PSTAIRE) that of Cut2. Moreover, Cut1N705-GFP rarely associated with the spindle in ts cut2 mutant cells but was localized in the nucleus (data not shown), indicating that the spindle localization but not the nuclear localization of Cut1N705-GFP required functional Cut2.
The role of the central and carboxy-terminal regions of Cut1
A series of Cut1 deletion constructs were made and tagged with GFP, and their intracellular localization in wild-type cells was examined (Figure 5a ). Overexpression of these GFP-tagged Cut1 fragments from the REP81 promoter was verified by immunoblot analysis and none of the fragments was inhibitory to cell growth. The short amino-terminal fragment comprising residues 1-260 localized throughout cells (including to the nucleus) at both interphase and mitosis (Figure 5b ), but not along the spindle. Fragments containing amino-terminal deletions (residues 262-1828 and 705-1828), however, localized only to the cytoplasm at all stages of the cell cycle. Moreover, fragments comprising residues 1-1531 and 1-1244 localized exclusively to the cytoplasm. From these results, we interpreted that the central region of Cut1 was needed for cytoplasmic retention and could override the nuclear localization signal present in residues 1-705.
We wanted to know how the carboxy-terminal region of Cut1 contributed to spindle localization. We made three substitution mutations in the carboxyl terminus. Sitedirected substitutions were introduced at two conserved Time-lapse fluorescent images were taken by the procedures described [25] . In (a), the spindle and spindle pole bodies showed clearly detectable green fluorescence until mid-anaphase.
Frames were taken at approximately 1 min intervals, except for the last one, which was taken 4.5 min after the previous one. In (b), spindle and spindle pole body fluorescence was visualized at early to midmitotic stage. Spindle fluorescence in anaphase faded rather quickly and became barely detectable during mid-anaphase. Frames were taken at 1 min intervals except for the last frame, which was taken 6.5 min after the previous one. amino acids of a putative calcium-binding site (Figure 5a , [15] ). Cut1 proteins containing either the single substitution D1767A or E1797V (in single-letter amino acid code) or the double substitution were made and tagged with GFP. The protein containing the double substitution localized completely to the cytoplasm; association with the spindle pole body and the spindle was not seen in over 2000 cells analyzed (Figure 5b ). Fluorescent anaphase spindles were seen, however, for the single substitution mutant E1779V, but less frequently than for wild-type Cut1. Consistent with this observation, E1779V could suppress the ts cut1-21 mutation but the double mutant D1767A E1779V could not. The localization of D1767A was interesting as its GFP signal was seen on the metaphase spindle but never on the anaphase spindle. Notably, D1767A failed to complement the ts cut1-21 mutant, whereas E1779V partly suppressed the mutant (small colonies were made at the restrictive temperature). Taken together, our results indicate that the carboxy-terminal region of Cut1 is essential for localization to the spindle pole body and the spindle when the central regions is present, and that this localization appears to occur at the time as Cut1 promotes anaphase spindle function. For the different Cut1 proteins and fragments expressed, there was a good correlation between the degree of anaphase spindle retention and the ability to rescue the cut1 mutation.
The functional domains of Cut1 and Cut2 dissected in this paper are summarized in Figure 5c . Cut1 can be divided up into at least three functional regions: those responsible for Cut2 binding, cytoplasmic retention and anaphase spindle localization. The amino-terminal and carboxy-terminal regions of Cut2 are required for proteolysis and Cut1 binding, respectively.
Discussion
Cut2 plays a key role in sister chromatid separation. Its proteolysis is essential for cells to enter anaphase [16] . The timing and the mode of Cut2 proteolysis are very similar to those of mitotic cyclins, ensuring that mitotic exit and sister chromatid separation take place coordinately. The destruction boxes of Cut2 are needed for cyclosome-dependent polyubiquitination [18] . Cut2 forms a complex with Cut1, but the role of complex formation for anaphase was not previously understood [17] . Here, we have shown that the Cut1-Cut2 complex is required for the onset of normal anaphase and that the ts cut2 phenotype is caused by impaired complex formation between Cut1 and Cut2. The ts cut2 mutations are in the carboxyl terminus, which binds Cut1 directly, and the ts Cut2 mutant proteins are greatly impaired in Cut1 binding. One might presume that limited chromatid separation (the archery-bow phenotype [15] ) in the ts cut2 mutants occurs due to leaky complex formation. In contrast, sister chromatid separation is completely blocked in cut2 null cells or by expressing the dominant-negative fragment Cut2∆80, which is nondestructible but able to bind to Cut1. Spindle length was short (2.8 µm on average) when dominant-negative Cut2∆80 was overproduced (K.N., unpublished observations), suggesting that in the presence of this fragment Cut1 fails to initiate anaphase spindle function. In cut2 null cells, the spindle length was also short and sister chromatids were never separated [17] . A likely explanation for these results is that Cut2 is needed to load Cut1 onto the spindle, and inhibits Cut1 until the end of metaphase. Cut1 derepressed by Cut2 proteolysis can trigger anaphase spindle function.
We have also shown evidence that Cut2 might be required for loading Cut1 onto the prophase spindle. Cut1 and the amino-terminal 1-705 Cut1 fragment were localized to the spindle only when functional Cut2 was present. Other Cut1 fragments that failed to associate with Cut2 did not locate along the spindle. Consistent with this, the localization of the amino-terminal 1-705 fragment was identical to that of Cut2: it did not bind to the spindle pole bodies nor to the anaphase spindle. The ability to associate with the spindle pole body and the anaphase spindle therefore requires the central and the carboxy-terminal regions of Cut1.
Cut1 seems to be enriched in the cytoplasm during interphase. The central region of Cut1 was needed for its cytoplasmic retention. All the Cut1 fragments tested so far that contain the central region were found in the cytoplasm. This nuclear exclusion function might override the amino-terminal sequence that directs nuclear localization, because Cut1 fragments containing both amino-terminal and central regions were retained in the cytoplasm. The central region of Cut1 contains a putative coiled-coil sequence [15] . It is possible that the cytoplasmic retention sequence is inactivated by modification or interaction with other protein(s) during mitosis so that Cut1 can relocalize to the spindle pole body and the spindle.
The carboxyl terminus of Cut1 is essential for anaphase spindle function as Cut1 containing a single substitution in the carboxyl terminus (D1767A), which could localize to the metaphase spindle but not the anaphase spindle, failed to complement a ts cut1 mutant. Other deletion or double substitution mutants also failed in mutant complementation, but remained in the cytoplasm throughout the cell cycle, indicating that mitotic mobilization of Cut1 to the spindle pole body and the prophase spindle required a functional carboxyl terminus. Interestingly, the D1767A mutation was in the putative calcium-binding sequence [15] and ts cut1 mutations were partly suppressed by the addition of calcium to the culture medium (our unpublished observations). Calcium is essential for sister chromatid separation [26] . Note that the localization of Cut1 to the anaphase spindle was brief, as only short anaphase spindles were fluorescent when GFP-tagged Cut1 was used. Cut1 loaded onto the spindle might thus act to promote anaphase, including the step of sister chromatid separation, and maintain early anaphase spindle elongation.
In summary, fission yeast Cut2 is required for loading Cut1 onto the spindle at prophase and Cut2 proteolysis is needed for Cut1 to actively participate in sister chromatid separation. In ts cut2 mutants, there is a reduced level of functional Cut1-Cut2 complex, whereas destruction box mutants of cut2 completely block the anaphase function of Cut1. We propose a model in which Cut2 guides Cut1 onto the spindle during prophase so that Cut1 is in close
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Figure 5
Cut1 containing deletions or substitutions fails to associate with the anaphase spindle.
(a) The Cut1-GFP constructs containing either the regions of Cut1 encompassed by the indicated residues or full-length Cut1 containing the indicated amino acid substitution (in single-letter amino acid code) were expressed from the inducible REP81 promoter in the absence of thiamine. The conserved carboxy-terminal region of Cut1 is boxed. The localization of each construct and its ability to complement ts cut1 mutants is indicated. *Constructs which co-localized to the spindle but not to the anaphase spindle. contact with the spindle pole bodies. As the spindle length increases during prophase, many more Cut1-Cut2 complexes are laid along the spindle. Thus, the metaphase spindle would be fully decorated with Cut1-Cut2 complexes. Upon proteolysis of Cut2, Cut1 undergoes a dramatic structural transition to promote anaphase spindle activation, and persists on the early anaphase spindle to facilitate either the movements of an as yet unidentified anaphase motor, the removal of the sister chromatid cohesive protein, or an alteration of the dynamic properties of spindle microtubules. These possibilities can be tested experimentally. Cut1 finally vanishes from the anaphase spindle once it has extended about halfway (around 8 µm in length). The fully extended spindle does not contain Cut1. Thus, the Cut1-Cut2 complex might have two qualitatively distinct binding sites on the spindle apparatus, with one interaction mediated by Cut2 and lasting only until metaphase, and the other mediated by Cut1 and remaining into anaphase.
The complex between Cut2 and the amino terminus of Cut1 has only one binding site, so that it disappears from the anaphase spindle.
A crucial step in the control of sister chromatid separation by the Cut1-Cut2 complex might be conserved in evolutionarily distant organisms. Cut1 is similar to Esp1 of the budding yeast Saccharomyces cerevisiae and a human Cut1-like sequence exists (KI0165 [22] ). If Cut2-like proteins are found in other eukaryotic organisms, then a unifying role for a complex necessary to initiate anaphase might be elucidated.
Materials and methods
Strains and media
An S. pombe haploid wild-type strain h -and its derivative strains were used. The ts strains used were cut1-206 and cut2-364 [14, 15] , cut1-21 and cut1-22 (generous gifts of R. Bartlett and P. Nurse); cut2-447 was initially assigned at cut18 [23] , but found to be allelic to cut2 (T. Matsusaka and M.Y., unpublished observations). Minimal EMM2 (Edinburgh minimal medium 2) and rich YPD (yeast extract, polypeptone and dextrose medium) were used for liquid cultures and plates [27] . Wild-type and cut2 mutant strains integrated with cut1 + -HA or cut2 + -HA were previously described [16, 17] .
Determination of mutation sites
Genomic DNA was isolated from cut2-447, and the whole coding region was amplified by the PCR method using the primers previously made [17] . Nucleotide sequencing of the PCR products cloned into pGEM (Promega), which was designated pGE447, was done from two independently isolated samples of cut2-447 genomic DNAs.
Plasmids
Two types of inducible promoter, REP1 and REP81, were used for overproduction [24] ; REP81 was for mild (roughly 10-fold) overexpression whereas REP1 was used for strong (over 100-fold) overexpression for cut1 + and cut2 + . The HA-tagged cut1 + gene under the promoter REP1 was made previously [17] by creating a Sal I site in the amino-terminal end using the PCR primer 5′-ATGTCGACAAGGTCAATCGT-TAC-3′ (the amino acid sequence of the amino-terminal end was not altered in the primer) and ligating it with the Sal I site of REP1. For making the full-length cut1 + tagged with HA at the carboxyl terminus, fragments derived from plasmids pCut1-9 and pRCut1-9HAC containing three HA epitopes were used. Overproduction of Cut1-HA was done using the constructed plasmid pRCut1HA in the absence of thiamine. The GFP plasmid was previously described [28] . The GFP vectors adapted for expression in S. pombe were as described [29] . Several truncated cut1 genes encoding amino acids 1-260, 1-705, 1-1244, 1-1531, 262-1828 and 705-1828 were used in this study. Plasmid pRGST was made to construct the GST-tagged cut2 + gene. The GST gene was modified by PCR priming so as to introduce the NdeI and Not I sites in the amino terminus and also the termination codon immediately after the BamHI and SmaI sites in the carboxyl terminus. The resulting NdeI-EcoRV fragment containing the GST gene with the termination codon was inserted at the multicloning sites (NdeI, SmaI) of REP1, and the resulting plasmids containing either the Leu or Ura marker were designated pRGST and pRUGST, respectively. The full-length cut2 + gene was inserted at the Not I site of pRGST or pRUGST using the carboxy-terminal Not I site of plasmid pRcut2HAc made previously [16] . The resulting plasmids pRGSTcut2 and pRUGSTcut2 were used for overproducing Cut2 tagged with GST at the carboxyl terminus.
Two-hybrid interaction
The standard procedures (Matchmaker Library Protocol, Clontech) adapted for S. pombe [30] were followed. Budding yeast strain SFY526 was co-transformed with plasmids carrying Cut1N691 fused with GAL4 DB and various Cut2 regions fused with GAL4 AD. The resulting transformants were streaked on filter paper and incubated at 30°C for 1 day. The β-galactosidase assay was conducted for colonies cultured on filter paper (Whatman #50) at 30°C for 1 day, and incubated at 30°C for 3 h on Z buffer/X-gal solution.
Fluorescence microscopy
The use of GFP-tagged genes for visualization of the products in living S. pombe cells was previously described [29, 31] . Time-lapse images of GFP-tagged proteins in living cells were as described [25, 29] . Hoechst 33342 was used for visualizing chromosomal DNA in living cells [32] .
Preparation of cell extracts and immunochemical methods
Preparations of cell extracts were previously described [17] . Cells were collected by centrifugation at 3,000 rpm for 5 min, and resuspended in the STOP solution (0.9% NaCl, 10 mM EDTA, 50 mM NaF, 1 mM NaN 3 ) at 4°C and then in TEEG (50 mM Tris-HCl pH 7.5 buffer containing 10 mM EDTA, 1 mM EGTA, 10% glycerol) at 4°C. Cell pellets were frozen using liquid nitrogen and stored at -80°C. For disruption of cells, cells concentrated at 10 9 /ml were resuspended in TEEG, 10 mM N-ethyl maleimide (NEM), and protease inhibitors (1 mM PMSF, 2 mg/ml pepstatin A, 10 mM E-64). Cells were broken by glass beads (15 sec, 4 times), followed by centrifugation at 14,000 rpm for 15 min and the supernatants were used for experiments. To estimate protein contents, the supernatants were diluted 2,000 fold and assayed by the Biorad protein assay. Polypeptides separated by SDS-PAGE were electrotransferred to nitrocellulose membrane, and immunoblot analysis was done as described [17] . An enhanced chemiluminescence detection system (ECL, Amersham) and peroxidase staining (POD immunostain, Wako) was used to detect proteins on the cellulose nitrate membrane (Toyo Roshi). Affinity-purified anti-Cut2 antibodies [16] and monoclonal anti-HA antibody (12CA5, BABCO) were used. Rabbit HRP (Biorad) and mouse HRP (Amersham) were used as secondary antibodies.
